system and proved that the addition of LID measures can effectively alleviate runoff discharge pressure in the study area. Gao et al. [12] , Roseen et al. [13] , Sun et al. [14] , and Li et al. [15] simulated and analyzed the runoff treatment effect of different LID units under different rainfall frequencies and showed that the rainwater treatment effect of LID measures was better under higher-frequency rainfall conditions. To date, LID technologies have developed rapidly in domestic and foreign urban stormwater treatments [16] [17] .
Existing studies on LID have mainly concentrated on urban areas [18] [19] [20] , while research on rainwater ecological disposal is relatively lacking in expressway service areas. Although Xu et al. [21] and Chen et al. [22] have proposed the concept of building an LID service area, they did not evaluate the hydrological performance of the LID service area. In addition, most studies typically have only evaluated individual LID practices [23] [24] [25] , but runoff treatment performance of LID practices in-series have rarely been monitored. The series use of LID drainage measures to form an organic rainwater ecological drainage system is a problem that remains to be solved [26] [27] . Meanwhile, by studying the effects of stormwater treatment under different LID series measures, a reference can be provided as to the role played by different LID measures and for improving the performance of stormwater runoff treatment.
The objectives of the present study are to select and arrange LID facilities according to the site characteristics of an expressway service area in China, and to use SWMM to evaluate the runoff treatment performance of different LID practices in-series. Then, the study comprehensively compares hydrological performance between LID and traditional service areas, providing a reference for the ecological construction of expressway service areas.
Material and Methods

Ecological Treatment Technology for Rainwater
Runoff in Expressway Service Areas LID facilities such as bioretention, grass swales, permeable pavement, and other rainwater control facilities have been widely used in the construction of "sponge city" in China, which has showed effective performance in regulating regional runoff and purifying water. Because expressway service areas in China have no clear specifications or method for ecological rainwater treatment, based on the construction concept of "sponge city," LID facilities were arranged systematically according to the vertical field conditions and the green areas within the expressway service area so to achieve organized drainage of rainwater runoff on site [28] .
The LID facilities in the expressway service area are arranged as follows: 1) The parking area and road area in the expressway service area is largest, generally accounting for more than 50% of the total area, and the runoff coefficient is relatively high in this zone, so the parking lot and hardened pavement can be replaced by permeable asphalt pavement in order to reduce peak flow and runoff volume.
2) The runoff of parking lots and roofing can permeate, and be transported and purified by bioretention in the middle of parking lots and around buildings in order to reduce the runoff volume and improve the landscape effect. 3) In refueling areas and surrounding areas, there are large catchment areas with large drainage pressures, so bioretention and grass swales can be used to conduct runoff transmission and volume control. LID facilities and rainwater runoff paths are shown in Figs 1 and 2 .
SWMM Model
Introduction
The storm rainwater management model (SWMM) is a comprehensive mathematical model developed by the U.S. Environmental Protection Agency for the design and management of urban rainwater. The SWMM model consists of two modules: surface runoff calculation and LID. The surface runoff calculation module adopts a nonlinear reservoir method. By simultaneously adopting the continuity equation and the Manning equation, the surface runoff generated by each sub-catchment area was calculated. The LID module provides five decentralized rainwater treatment technologies such as bioretention, permeable pavement, infiltration trenches, rain barrels, and grass swales [29] . Through the simulation of hydrologic processes such as storage, infiltration, evaporation, and so on, the performance of LID facilities on runoff volume reduction, runoff peak reduction, and runoff peak delay is determined [30] . Due to its powerful modelling capabilities, SWMM has been widely used in the design of urban drainage systems and the design and calculation of stormwater control measures worldwide [14] .
Overview of the Study Region
An expressway service area in Sichuan Province in China was used as the study area. Its area is 18,503.1 m 2 , and its impervious area is composed of roofing, parking lots, traffic roads, and fueling areas, accounting for 88.3% of the total area. The service area is topographically higher to the northeast and lower to the southwest, with a slope of 2%. Rainwater runoff discharges into the stormwater inlet along the vertical and horizontal slopes and then into the roadside ditch. The hardened area of the site is large and the comprehensive runoff coefficient is approximately 0.8, resulting in a large runoff effluent load. In addition, a large amount of rainwater runoff is discharged without effective use, resulting in a waste of rainwater resources. Therefore, based on the above study, LID facilities are arranged in this expressway service area systematically. The LID facilities layout plan in the service area is shown in Fig. 3 .
Simulation Scenarios
As shown in Fig. 2 , the service area rainwater flows into bioretention in three types of runoff paths, namely: (1) hardened roofing → bioretention; (2) parking lot permeable pavement → bioretention; (3) permeable pavement in surrounding non-parking areas → grass swales → bioretention. The bioretention of three types of runoff paths were numbered Z1, Z2, and Z3, respectively. Five ratios (5%, 10%, 15%, 20%, and 24%) of bioretention areas to drainage areas were used to study the influence of bioretention areas on rainfall runoff regulation under three types of runoff paths. Then the bioretention area was selected to be applied to the study area based on the target values of stormwater runoff treatment according to the rainfall characteristics and site conditions. Finally, the hydrologic performance of LID service areas was evaluated comprehensively.
Therefore, five hydrologic scenarios were simulated: (1) bioretention under the influence of roof runoff; (2) permeable pavement and bioretention in series under the influence of parking lot runoff; (3) permeable pavement, grass swales, and bioretention in series under the influence of surrounding non-parking area runoff; (4) traditional expressway service areas; and (5) LID expressway service areas. (1), (2), and (3) were pursued to obtain the optimal bioretention area under three types of runoff paths, while (4) and (5) were pursued to comprehensively evaluate the hydrologic performance of LID facilities.
Study Area Generalization
When generalizing the study area, it is necessary to consider not only the differences in regional site characteristics but also the distribution of drainage pipes. As an expressway service area is relatively small and pipeline distance is relatively short, the influence of a drainage pipe on hydrologic progress can be neglected. For service areas without LID facilities, the study area could be generalized to a sub-catchment area and a drain node. For a service area with LID facilities, the division method of the sub-catchment area was as follows: (a) bioretention and grass swales were each considered as sub-catchment areas; and (b) parking lots, roofing, fueling areas, and surrounding roads were divided into sub-catchment areas according to the runoff path. According to the above division method, the LID service area was divided into 22 sub-catchment areas and one outfall.
Design Rainfall
According to the hydrological and meteorological dates of the study area, five types of design rainfall with different durations and intensities (as shown in Table 1 ) were selected.
The Chicago rainstorm model is a non-constant rainfall scenario synthesis method widely used in urban drainage design, and its application effects have been confirmed [31] . In the Chicago rainstorm model, the rainfall return period (P) reflects the maximum value of rainfall intensity, and the rainfall peak coefficient (r) determines the arrival time of maximum rainfall intensity. The five types of design rainfalls in Table  1 were transformed into Chicago rainstorm process lines, and the rainfall peak coefficient was 0.4 [32] . The typical Chicago rainstorm process lines of the five design rainfalls are shown in Fig. 4 .
Model Parameters
The SWMM model parameters are divided into three categories: hydrologic and hydraulic parameters, water quality parameters and LID parameters. The model parameters can be classified into deterministic and nondeterministic parameters according to the methods through which they are obtained. Deterministic parameters can be obtained directly from the related literature and field monitoring data. Nondeterministic parameters can be obtained according to the typical range of parameter values given by the SWMM user manual and related literature, but parameter calibration and validation are required [33] [34] . 1) Calibration and validation of hydrologic and hydraulic parameters. In this SWMM simulation, the Horton infiltration model was used to simulate the rainfall infiltration process and the runoff concentration model adopted the nonlinear reservoir model. The hydrologic and hydraulic parameters that needed to be calibrated and validated were mainly the Manning coefficients of permeable surfaces and impervious surfaces, the water storage capacity of permeable surfaces and impervious surfaces, and maximum and minimum infiltration rates and the attenuation coefficient in the Horton infiltration model. According to the runoff coefficient method of Liu [35] , the model parameters were calibrated by a Chicago synthetic rainfall (P2) with a rainfall peak coefficient of 0.4, a rainfall duration of 2 h, and a return period of 2 years. The calibrated parameters were validated by the Chicago synthetic rainfall (P1) and (P3) with a rainfall peak coefficient of 0.4, a rainfall duration of 2 h, and return periods of 1 and 3 years, respectively.
The surface area of the traditional expressway service area includes roofing, asphalt pavement, and green space. According to the runoff coefficient ranges of different underlying surfaces shown in Table 2 , the method of area-weighted averaging was used to obtain the comprehensive runoff coefficient of the traditional expressway service area based on the area proportion of different underlying surfaces. The calculation result was the range of 0.76-0.86.
Through the calibration of model parameters, the runoff coefficient of rain (P2) in the SWMM simulation was found to be 0.822, which was within the range of comprehensive runoff coefficients of 0.76-0.86. Through the validation of model parameters, the runoff coefficients of rain (P1) and rain (P3) in the SWMM simulation were 0.807 and 0.828, respectively, which also were within the range of comprehensive runoff coefficients, indicating that the model parameters had good adaptability. The calibration and validation results for hydrologic and hydraulic parameters are shown in Table 3 . The rainfall runoff process lines of rain (P2), rain (P1), and rain (P3) are shown in Fig. 5 .
2) LID parameters.
This SWMM simulation defined three types of LID facilities: bioretention, permeable asphalt pavement, and grass swales. The main parameters of the LID facilities were obtained through design specifications and measured data, as shown in Table 4 .
Results and Discussion
Impact of Bioretention Area Ratio on Hydrologic Performance
McCuen [36] proposed three indicators for evaluating the hydrologic performance of LID facilities: (a) runoff reduction rate; (b) runoff peak reduction rate; and (c) runoff peak delay time. Under the five types of design rainfall, the influence of bioretention Z1, Z2, and Z3 area ratios on the average runoff reduction rate, average runoff peak reduction rate, and average runoff peak delay time are shown in Fig. 6(a-c) , respectively.
In order to restore the hydrologic balance of the expressway service area to pre-development conditions, the LID facilities must achieve a certain regulation performance for rainfall runoff; that is, they must meet the target values of the above three indicators. The target values for runoff volume reduction and runoff peak reduction were based on the comprehensive runoff coefficient change before and after regional development [37] . The runoff peak delay time target values could be determined according to the Kerby formula (Equation 1). Surface slope (%) 0
Soil layer
Thickness (mm) 700
Porosity 0.44
Permeability (mm/h) 30
Storage water layer
Thickness (mm) 300
Void ratio 0.66
Seepage rate (mm/h) 3.3
Underdrain
Flow coefficient (mm/h) 6.25
Flow exponent 0.5
Offset height (mm) 100
Permeable pavement
Surface layer Water storage depth (mm) 3
Surface slope (%) 2
Pavement layer
Thickness (mm) 100
Void ratio 0.35
Permeability (mm/h) 250
Thickness (mm) 100
Seepage rate (mm/h) 0
Underdrain
Flow coefficient (mm/h) 2.08
Offset height (mm) 30
Grass swales Surface layer
Water storage depth (mm) 150
Swale side slope 5 (1) …where t is the sheet flow time of concentration (min); L S is flow length (m); i S is drainage area slope; n is Manning's roughness; and the woodland value is 0.80. As shown in Fig. 6 , with the increasing ratio of bioretention area to drainage area, the average value of runoff reduction rate, runoff peak reduction rate, and runoff peak delay time all increased. The permeable pavement could reduce the hydraulic load of bioretention to a certain extent, prolong the arrival time of the runoff peak, and significantly reduce peak flow. Therefore, when permeable pavement is used, the bioretention area ratio can be reduced appropriately. Grass swales had little effect on the total runoff volume and runoff peak, but had a certain effect on runoff peak delay due to the increase in runoff transmission paths, thereby prolonging the arrival of the runoff peak.
The study area was woodland before development and the runoff coefficient (c 1 ) was 0.25, while the comprehensive runoff coefficient (c 2 ) was 0.81 after development, so the target values for runoff volume reduction rate and runoff peak reduction rate were both (c 2 -c 1 ) /c 2 = 69.1%. As shown in Fig. 6a ) and b), in order to meet the target runoff volume and runoff peak, when bioretention was used separately, the area ratio can be as large as 18%, while when bioretention was arranged in series with permeable pavement or in series with Note: "-" means no runoff. Table 5 . Simulation results for a traditional service area and LID service area under different design rainfall levels permeable pavement and grass swales, the area ratio can be as large as 10%. According to the Kerby formula, the target value of runoff peak delay time was 40 min and, according to Fig. 6c) , the three scenarios all met the target value requirements.
Analysis of Runoff Simulation Results for a Rraditional Service Area and an LID Service Area
According to the above analysis, the area ratio for bioretention Z1 was set to 18% and the area ratios for bioretention Z2 and Z3 were set to 10%. The SWMM model was used to simulate the hydrologic response for traditional service areas and LID service areas under different rainfall levels; results are shown in Table 5 .
As shown in Table 5 , under different rainfall levels, the runoff reduction rate for the traditional service area ranged from 12.08% to 31.59%, the peak reduction rate ranged from 33.01% to 40.93%, and the peak delay time ranged from 2 min to 9 min. After the addition of LID facilities, the runoff reduction rate ranged from 28.24% to 100%, the peak reduction rate ranged from 82.32% to 100%, and the peak delay time was up to 335 min. Compared with the traditional service area, the runoff load of the LID service area was reduced to a certain extent.
In addition, in cases of light rain and moderate rain, the LID service area had almost no runoff. However, with increasing rainfall levels, the performance of LID facilities on runoff reduction and hysteresis would be weakened and the greater the rainfall level, the closer the hydrologic conditions to the traditional service area.
Conclusions
Based on the SWMM model, the effects of LID facilities on stormwater runoff regulation in an expressway service area were studied and the following conclusions were drawn.
With increasing ratios of bioretention area to drainage area, the average values for runoff reduction rate, runoff peak reduction rate, and runoff peak delay time all increased. The permeable pavement could effectively reduce the bioretention area ratio while grass swales had little impact. Brown et al. [26] compared the hydrological performance of bioretention with that of bioretention and permeable pavement in series and showed that LID practices in series treated an additional 10% of annual runoff volume, discharged approximately half the outflow volume, and discharged significantly lower peak outflow rates compared with a single treatment practice (bioretention). This conclusion is consistent with the conclusion that permeable pavement can significantly reduce bioretention area rates in the present study. However, grass swales were not considered in the previous study.
Compared with the traditional service area, the runoff reduction rate increased by 16.16-68.41%, the peak reduction rate increased by 49.31-59.07%, and the peak delay time increased by up to 326 min under different rainfall levels in the LID service area. Li et al. [15] showed that the total runoff reduction rate increased by 25.69-42.20%, the peak reduction rate increased by 38.64-44.46%, and the peak delay time increased by 5-7 min after a 2% bioretention area was set up in the study area under a rainfall return period of 2-20 years. This was significantly less than the runoff regulation ability of the LID measures in the present study. This was because of the fact that only bioretention was considered in Li's study; permeable pavement and grass swales were not considered. Additionally, the underlying surface and rainfall conditions of the study areas were different, which also resulted in differences in the runoff regulation capacity of LID.
With increasing rainfall level, the effects of LID measures on runoff regulation were weakened and the larger the rainfall level, the closer the LID service area was to the traditional service area in performance terms. Li et al. [15] studied the runoff regulation performance of urban rainwater gardens and showed that, similarly, the runoff regulation performance of rainwater gardens weakened with increased rainfall intensity.
LID measures have very strong application value in solving the problem of rainwater discharge in expressway service areas but should be selected appropriately and arranged according to different service area types, soil conditions, and rainfall characteristics. Meanwhile, other LID measures can be considered in future research such as green roofs, plant buffers, etc.
